There are few descriptions of the impact of hypoxic conditions on short-necked clam Ruditapes philippinarum larvae in the natural environment, while a number of reports describe catastrophic mortality of benthic clams caused by coastal upwelling of hypoxic water in the eutrophicated bays in Japan. We conducted seasonal observations of larval density in the water column along with measurement of DO at coastal and off-shore stations in Tokyo Bay during [2001][2002][2003], and also experimental exposure of the clam larvae to low DO to examine the impact of hypoxic water on larval survival. Under hypoxic conditions (Ͻ1.0 mgO 2 L Ϫ1 ) in the bay, a marked decline in larval density was consistently detected in the bottom layer at coastal stations adjacent to adult habitats and at off-shore stations of the central bay. In the low DO exposure experiment, the ratio of swimming larvae decreased with exposure period. Larval survival declined within 12 h, and most of the larvae at early developmental stage (shell length Ͻ170 mm) died within 24 h under severe hypoxic conditions (Ͻ0.2 mgO 2 L Ϫ1 ) at 25°C. These results indicate that larvae being transported to the hypoxic zone may have reduced swimming ability and may inevitably sink to the lower layer and die shortly thereafter. In Tokyo Bay, anoxic or hypoxic conditions in the lower layer during May-October are continuous, and this time period overlaps with the entire spawning period of the short-necked clam. Hypoxic water exerts critical stress on larval survival, and may result in decline of juvenile recruitment to the benthic populations of short-necked clam in Tokyo Bay.
Introduction
A decrease in natural recruitment of short-necked clam Ruditapes philippinarum juveniles in the major productive areas in Japan-Tokyo Bay (Toba 2004) , Ariake Bay (Nasu et al. 2004) , and Suo Nada (Nagamoto et al. 2005 )-has been implicated as one of the important factors in the recent decline of the short-necked clam harvest. In coastal shallow or tidal areas, the factors affecting mortality of benthic clams, such as oxygen reducing of the substrate (Kurokura et al. 1988) , excessive hydrodynamic bed load transport (Shibata et al. 1997) , introduced (Okoshi 2004) and migrating (Itoh 2006) predators, are regarded as the causes of decreasing juvenile recruitment.
Benthic invertebrates which have a planktonic larval stage are maintained through larval exchange among local subpopulations, referred to as the "larval network" (Harrison & Taylor 1997) . In the short-necked clam population in Tokyo Bay, this mechanism has been reported in both field surveys (Kasuya et al. 2003 , Toba et al. 2007 ) and numerical modeling (Hinata & Tomisu 2005) . The deficiency of the larval network due to decrease of number and/or size of subpopulations and increase of larval mortality is thought to be responsible for depression of the recruitment of juvenile clams (Furota 2002) . In Ariake Bay, the decrease in larval supply to the benthic habitat is also hypothesized as one of the causes of the drastic decline in clam production (Sekiguchi & Ishii 2003) .
On the other hand, it is widely recognized that hypoxic or anoxic sea water, which develops in the bottom layer during warm-water stratified periods in eutrophic Japanese bays, can have a serious impact on the occurrence of low-mobil- Science and Technology, Minato, Japan ity benthic organisms (Imabayashi 1983 , Furota 1988 , Houssain & Sekiguchi 1996 . In Tokyo Bay, hypoxic or anoxic sea water have been suspected to affect benthic bivalves since the early 1950s' based on the observations of mass mortality events of bivalves (Scapharca broughtonii and Fuluvia mutica) and/or clams (R. philippinarum and Meretrix lusoria) and sporadic monitoring of oxygen concentration in bottom sea water (Tokyo Metro Fish Exp Stn 1958 , Sugawara & Sato 1966 . Hypoxic or anoxic sea water that presents in the central basin of Tokyo Bay has been known to approach coastal area by wind-driven upwelling current (Kakino et al. 1987) . Severe mass mortality of commercially valuable bivalves in shallow waters and tidal flats caused by hypoxia or anoxia has often resulted in catastrophic problems for the clam harvest not only in Tokyo Bay (Kakino 1986 ) but also in Mikawa Bay (Ishida & Hara 1996) and Ise Bay (Sakaguchi et al. 1998) .
Most descriptions on the effects of hypoxic or anoxic sea water on the short-necked clam, however, have been limited to its benthic stages in either field or laboratory observations. Under low oxygen conditions for bivalve larvae, disruption in metabolic activity, retarded growth, and decreasing survival have been reported in Crassostrea virginica (Widdows et al. 1989 , Mann & Rainer 1990 and Mercenaria mercenaria (Huntington & Miller 1989) . Both benthic and larval stages of the clam may also be affected by hypoxic or anoxic conditions, resulting in extensive stress on the growth and survival of the clam populations in eutrophicated waters in Japan.
The objectives of this study are to reveal the effect of hypoxic water on short-necked clam larvae near the main clam harvesting areas, specifically: (1) to clarify the relationship between the vertical distributions of short-necked clam larvae and seasonal changes of hypoxic conditions in the coastal area; (2) to evaluate the tolerance of the larvae to hypoxic conditions in laboratory experiments, and to discuss the impact of hypoxic water on larval recruitment in Tokyo Bay.
Materials and Methods

Seasonal changes in the vertical larval distribution
Clam larvae were periodically sampled at sites set up at coastal (Sanbanze, Stn A, B; Banzu, Stn C, D) and offshore areas (central line; Stn E-H) in Tokyo Bay (Fig. 1) . The numbers of the sampling layers (water depths) at each sampling site were 3-4 layers (6-7 m), 3-4 layers (7-11 m) and 3-6 layers (5-23 m) at Sanbanze, Banzu and central line, respectively. The layers sampled at each site were surface (up to 0.3 m in depth), bottom (0.5 to 1.0 m above the bottom), and middle layers which were added every 2-3 m at Stn A-D, and every 5 m at Stn E-H. In Sanbanze and Banzu, sampling was carried out from May 2001 to Dec. 2003 at intervals of 2 and 4 weeks during Apr.-Dec. and Jan.-Mar., respectively. In the central line, sampling was performed at intervals of 2-4 weeks during Jun.- Oct. 2002 and May-Oct. 2003 .
Plankton samples were collected with a submerged pump suspended from a vessel. At each station, 120-320 L of sea water was pumped from the sample layers within 2-4 minutes. Collected waters were filtered through a nylon net of 50 mm square mesh size on the vessel, and then residual samples were placed in plastic bottles and transported chilled with ice to the laboratory. Sample treatment, species identification of short-necked clam larvae, and measurements of larval shell length were performed as previously reported (Toba et al. 2007) .
At all stations, dissolved oxygen (DO) was measured from the surface to the bottom at increments of one meter using a portable meter (Model 85D, YSI Inc. or WQX-I, Sanyo Metlogics Inc.).
Low O 2 exposure experiment
Clam larvae used in the low O 2 exposure experiment were obtained by artificial spawning using adult clams collected within tidal areas in Tokyo Bay. Procedures of spawning by cyclic thermal stimulation and larval rearing were based on the techniques previously reported (Toba et al. 2004) . Since approximately two hundred broodstock clams were subjected to induction stimuli in a spawning tank and the resultant fertilized eggs were collected in a single batch, the experimental larvae were likely the mixture of several male-female crosses. Larvae were maintained with ceramic filtered (which retained Ͼ99.99% of the particles larger than 0.45 mm in diameter) and UV irradiated seawater (FUS) in a 1 kL flow-through tank with daily supplement of a cultured haptophyte, Pavlova lutheri. Temperature and salinity were not manipulated and ranged from 23.7-26.6°C and 30.1-32.2 psu, respectively. Most larvae normally grew to the full-grown stage [mean shell length (SL)Ϯstandard deviation, 238Ϯ11 mm] within 16 days after hatching (Fig. 2) .
), and 50% saturated sea water (MSW, 2.8-3.2 O 2 mg L Ϫ1 ) were prepared for the experiment. LSW was created by bubbling nitrogen gas through FUS for more than 5 min within a 3 L triangular glass flask. DO saturated conditions (SSW) were created by aerating with air. During both bubbling and aerating, DO was monitored with a portable DO meter (Model 85D, YSI Inc.) until the designed value (noted below) was obtained. MSW was prepared by mixing equivalent volume of LSW and SSW, with careful handling to avoid any bubbles. Salinities of seawaters for the experiments ranged 30-32 psu.
The exposure experiment was conducted in a Winkler glass bottle (approx. 100 mL volume). Larvae from the rearing tank were washed and concentrated with FUS on a nylon mesh prior to the exposure. A group of larvae (90-305 indiv., mean 190 indiv.) was gently added with a capillary pipette along with approximately 1 mL of FUS to a bottle filled with LSW, MSW or SSW. The bottle was then quickly plugged and immersed in a light-proof, sealed container filled with FUS. The container was held at 25Ϯ1°C in an air-conditioned room during exposure. FUS used for the experiment was adjusted to 25°C in advance.
One bottle was allotted to each exposure condition of 3, 6, 12, 24, and 30 hours, respectively. From 2 (D-shaped stage) to 16 days (full-grown stage) after hatching, the exposure experiment was performed 10 times every 1-3 days as the larvae grew. For checking DO concentrations at the end of exposure periods of 30 h, one control bottle (no larvae present) was added in every experiment and one exposure bottle (larvae present) was added in the experiments of 9 and 14 day-old (days after hatching) larvae. DO concentrations measured immediately after the exposure in control bottles were Ͻ0.1, 2.8-3.0, and 6.3-7.2 O 2 mg L Ϫ1 in LSW, MSW, SSW, respectively. Likewise, DO concentrations in exposure bottles were Ͻ0.2, 2.5-3.5, and 6.0-7.0 O 2 mg L Ϫ1 in LSW, MSW, SSW, respectively.
After exposure, the plug was removed from the bottle, and swimming larvae were placed in another glass container by removing upper seawater with an aspirator. Bottom seawater was left approximately 5 mm just above the bottle bottom. After this procedure, the bottle was refilled with new SSW and held for 2-3 minutes to allow the remaining larvae to swim up. The larvae removal procedure was then repeated. Lastly, all the larvae remaining in the bottle were removed to another container. The larval count in each removal was made under a dissecting microscope within approximately 15 minutes after the third (last) removal. In the third removal, the larvae not showing any soft tissue movement were counted as dead.
The survival rate (SR) and ratio of swimming larvae (RSL) were calculated as follows; where (a) and (b) are number of the larvae collected at the first and second removal, respectively, (c) and (d) are number of alive and dead larvae collected in the third removal, respectively. The larvae collected in the second removal were excluded from "swimming larvae", because they may have included the larvae that had ceased swimming and sunk to the bottom during exposure.
Results
Vertical distribution of larvae
In Sanbanze, short-necked clam larvae were found in 40 of 47 sampling occasions during [2001] [2002] [2003] (Fig. 3) . In these sampling occasions, hypoxic conditions (DO Ͻ1.0 O 2 mg L
Ϫ1
) were observed at 12 sampling occasions at either or both of Stn A and Stn B, mainly in lower layers. Seasonal larval density at each observed layer varied greatly, between 0-3,620 indiv. 100 L Ϫ1 . In each of these 12 sampling occasions, larval densities in lower hypoxic layers (0-210 indiv. 100 L Ϫ1 ) were less than in upper higher DO layers (6-2,508 indiv. 100 L ) at every station. In Sanbanze, Banzu and the central line, excluding the dates when hypoxic sea water (Ͻ1.0 O 2 mg L Ϫ1 ) was not measured or mean larval density except hypoxic layers was less than 50 indiv. 100 L
, numbers of larval sampling layers where hypoxic sea water was observed and not observed were compared in six divisions of larval density (0-50, 51-100, 101-200, 201-400, 401-800, 801Ͻ indiv. 100 L Ϫ1 ) (Fig. 6) . Number of the hypoxic layers was maximal in 0-50 indiv. 100 L Ϫ1 and decreasing with increasing larval . Larval densities in the hypoxic layers were significantly lower than those of the layers in non-hypoxic condition ( pϽ0.01, c 2 test).
Low O 2 exposure experiment
In two-day-old larvae (108Ϯ4 mm, meanϮSD), SR in LSW rapidly declined to 2% 24 h after exposure, whereas those in SSW maintained around 90% until 30 h (Fig. 7A) . SR in MSW held higher than 70% until 24 h, but sharply decreased to 13% at 30 h. SR of 2-9 day-old larvae (Ͻ180Ϯ18 mm) in LSW declined markedly to 0-5% within 24 h (Fig. 7A-G, 8) . For from 4-day-old larvae (137Ϯ 6 mm), such a decrease of SR in MSW was not observed (Fig. 7C-J ). Even at 24 h later from the start of the experiments, they maintained 83-100% of SR. Similar situation was observed in SSW (72-99%) (Fig. 8) .
Similar to larval survival, RSL in LSW sharply declined to Ͻ13% within 12 h and 0-2% within 24 h with a consistent trend during the developmental period (2-16 day-old larvae, 108Ϯ4 to 238Ϯ11 mm) (Fig. 9) . While RSL in SSW varied greatly with exposure period in all experiments, 37-73% of RSL at 24-30 h were higher than those in LSW at all developmental stages. In MSW, excluding a low RSL (6%) at 30 h in 2-day-old larvae, the RSL rate did not exhibit a marked decline with larval development and exposure period, as was shown in the SSW.
Discussion
At Sanbanze, three year observation of vertical distribution of the clam larvae showed that the density of the larvae in hypoxic sea water was extremely low during every hypoxic event. Likewise, in Banzu, low larval density was also observed in the hypoxic event which appeared once during [2001] [2002] [2003] . Additionally, in the low O 2 exposure experiment, survival of short-necked clam larvae in the hypoxic sea water (Ͻ0.2 mgO 2 L Ϫ1 ) decreased within 12 h at 25°C. Larvae in the early half of larval stage (SLϽ170 mm) were affected severely. These results indicate that larval survival declines in hypoxic and anoxic sea water. Hypoxic sea water near the coastal area is thus likely to disrupt the normal distribution of the clam larvae.
The tolerance of clam larvae to hypoxia in this study is markedly low compared to the adult clams, whose mortality reached Լ100% after 4-5 days in hypoxic water (Ͻ0.05 mgO 2 L Ϫ1 ) at 24-25°C (Kakino 1982 , Nakamura et al. 1997 . Hypoxic tolerance in the larvae oyster, C. virginica, is also lower in the early developmental stage: Lt 50 of the larvae (SLϭ167 mm) and juvenile (16 mm) in anoxic conditions at 22°C is 18 and 150 h, respectively (Widdows et al. 1989) . In anoxic sea water, the mortality of Theora fragilis, which is one of the dominant bivalves in hypoxic bottoms, in umbo larval and juvenile (7.2-9.5 mm) stages at 24-25°C reached 100% within 24 and 48 h, respectively (Tamai 1993 , Tamai 1996 . Thus, tolerance to hypoxia, in general, tends to be lower in larval stages than in the benthic stage.
In the low O 2 exposure experiment, the swimming rate of the larvae in LSW declined with survival rate. Under anoxic and hypoxic conditions, swimming velocity (Mann & Rainer 1990 ) and respiration rate (Widdows et al. 1989) of C. virginica larvae and growth rate in M. mercenaria larvae (Huntington & Miller 1989) declined. Thus, the decline in metabolic activity under anoxic and hypoxic conditions seems a common physiological property with bivalves. Although there is a possibility that factors other than DO were involved, since swimming rate in SSW and MSW changed greatly in the course of the exposure period, the decrease in swimming rate in LSW may have resulted from a decline in motility under hypoxic condition.
Within the entire planktonic stage of the short-necked clam from D-shaped to full-grown, the ratio of swimming larvae under low O 2 begins to decline more clearly after exposure, compared with survival rate. Decline in swimming activity may result in larval mortality in the bay water, since larvae that encounter hypoxic or anoxic water reduce swimming activity then sink to lower layers where hypoxic condition is severer. Therefore, the decline in swimming activity seems to be an important factor in larval survival (Mann & Rainer 1990) . Moreover, the tolerance of benthic bivalves to hypoxia greatly declined in the presence of sulfide (Zwaan et al. 2001) , which usually presents in anoxic sea water. A compounding effect of hypoxia and sulfide is greater stress on the survival of clam larvae (Higano 2004) .
Previous reports indicated that anoxic or hypoxic sea water caused catastrophic loss of benthic short-necked clam stocks due to mass mortality, notably when "Aoshio" or "Nigashio" -blue tide-occurred (Kakino 1986 , Ishida & Hara 1996 . In addition to the mortality of benthic clams, the present study showed that the impact of anoxic or hypoxic sea water apparently results in larval mortality through inhibition of larval mobility.
Additionally, the stress of anoxic or hypoxic sea water on the clam stocks is thought to result in a temporary decrease in the clam population (Kakino 1992) . For example in Sanbanze, where upwelling of anoxic sea water frequently occurs, anoxic sea water causes mass mortality of adult clams every few years (Kakino 1986 ). Since hypoxic waters were observed at least 4 times a year during our 3-year observation, supply of the clam larvae to adult habitat may be inhibited. This may cause decline of clam recruitment.
In off-shore stations shallower than 15 m depth (Stn E, F), larval density declined when hypoxia developed in lower layers, similar to coastal stations. In deeper, off-shore stations (Stn G, H, and I), however, factors other than DO may control the vertical distribution of clam larvae, since in some cases larval densities in the lower layers were less than the upper layers, even when the lower layers were normoxic.
In Tokyo Bay, the short-necked clam larval network has been documented, supplemented by larvae from distant adult habitats: such as Tama-river estuary, Sanbanze, Banzu, and Futtsu (Kasuya et al. 2003 , Hinata et al. 2005 . The importance of this network mechanism in maintaining the entire clam population in Tokyo Bay has been reported (Toba et al. 2007 ). Hypoxic water that may inhibit larval dispersal, however, continuously occurs during June-October in Tokyo Bay, and the hypoxic conditions often develop throughout the bay bottoms deeper than 7 m (Ishii 2003) . Therefore, clam larvae are likely exposed to anoxia or hypoxia through nearly the entire period of reproductive season (Toba et al. 1993) , impacting the maintenance of the entire clam population in the bay.
The decrease in larval supply has been hypothesized as one of the important factors responsible for the decline in short-necked clam production in Ariake Bay (Sekiguchi & Ishii 2003) . In Tokyo Bay, successive monitoring of hypoxic or anoxic sea water has revealed that the annual spatio-temporal extent of low DO condition has tended to increase after mid-1980s' (Ishii 2003) . Given the wide distribution and long duration of hypoxic water in Tokyo Bay, there may be great pressure on planktonic larvae, resulting in recent poor recruitment of juvenile clams. 9 . Ratio of swimming larvae of short-necked clam exposed to three DO levels.
